The formation of a soil crust has been shown to cause a major decrease in infiltration and needs to be accounted for in infiltration models. In response to this need, a procedure based on such properties and wetted front depth was developed for incorporating the steady state crust conductivity into the hydraulic conductivity term of the Green-Ampt infiltration model. This effective hydraulic conductivity is calculated as a harmonic mean of the crust and subcrust hydraulic conductivity. Tests on a range of soils verified that the procedure gives an acceptable first approximation of the crust effects.
Introduction
The formation of soil crusts have been shown to be a major modifier of infiltration (Duley, 1939) . Also, crust causes a significant decrease in the hydraulic conductivity of the surface soil layer (Tackett and Pearson, 1965) . The decrease in hydraulic conductivity has been reported to range from a 20-fold to a 2,000-fold decrease (Sharma, 1980; Mclntyre, 1958) .
The soil crust is normally formed by raindrop compaction and by washing fine particles into the soil matrix causing a very dense layer (Mclntyre, 1958) . The thickness of the layer has been reported to vary from 1 to 5 mm (Tackett and Pearson, 1965; Sharma, 1980) . Also, the formation and thickness of a soil crust is influenced by texture (Mannering, 1967; Onofick, 1983; Gantzer, 1980) , aggregate stability (Allison, 1985) , organic matter (Ahmad and Robbin, 1971) , tillage and landuse practices (Linden, 1979; Sharma, 1980; Falayl and Bouma, 1975; Moore et al., 1980) . Several authors have investigated how the crust conductivity varies with time (Edwards and Larson, 1969; Moore, 1981a Moore, , 1981b Mclntyre, 1958; Callebaut et al., 1985) and concluded that it is formed rather rapidly, probably within the first 30 minutes of rainfall. Edwards (1967) and Edwards and Larson (1969) showed that the effect of a crust on the saturated water content and the soil water retention curve is relatively small in comparison to the effect on the saturated hydraulic conductivity. Brakensiek and Rawls (1983) developed a method based on Sharma's work (1980) for determining the final hydraulic conductivity of a crust from soil texture and the saturated hydraulic conductivity of the undisturbed soil. Also, they incorporated the crust conductivity into a twolayer model using a harmonic mean of the conductivities. Chu et al. (1986) discovered that the harmonic mean will not work when the wetting front depth is greater than about 70 cm.
Many infiltration models (Brakensiek and Rawls, 1983; Moore, 1981a; Chu et al., 1986) have been developed which account for a crust. However, most of them are numerical and work on a multilayer soil system which is very time consuming computationally. Because of the computational time, multilayer models are not being widely used in operational infiltration-based watershed models. Thus, it is the purpose of this article to develop a method to incorporate the effects of a crust into a one-layer Green-Ampt infiltration model using readily available soils data and utilizing computer time more efficiently. Brakensiek and Rawls (1983) calculated the effective hydraulic conductivity of a two-layer soil, crust, and subcrust, by a harmonic mean:
where Ke L Zc Kc = effective conductivity of the two-layer system, = wetted depth, = crust thickness, = subcrust hydraulic conductivity, = crust hydraulic conductivity.
They also presented an equation to predict the steady state crust conductivity based on a steady state relationship derived by Moore (1981a Brakensiek and Rawls (1983) and are also presented in Table 1 .
Assuming that Kf = K,. and K^= (SC) (Kg), equation 1 
Combining equations 3 and 4,
and the crust thickness (Zg) has canceled out Rearranging equation 5, a crust factor (CF) defined as Kg / Ks can be determined as
with the wetted depth (L) as the only unknown. The crust factor (CF) approaches SC as the wetted depth increases. It is important to understand that equation 6 does not calculate a transient crust conductivity since it assumes that the steady state crust conductivity has been reached. In order to use equation 6 in modeling, SC and yt required a continuous function description; thus, the following relationships were derived from the data presented in Table 1 The USDA-ARS Water Erosion Prediction Project (WEPP) conducted a series of cropland and rangeland experiments for determining hydrologic and erosion parameters for a soil loss model (Laflen et al., 1987) .
Rainfall simulation experiments were conducted by 33 cropland soils and 20 rangeland soils in the United States. The soils were located in 24 states and encompassed a wide range of parent materials, climates, textures, and other soil properties. The soils were sampled and characteristics that might be used as predictors of soil erodibility and infiltration were measured. The cropland plots were prepared by first removing all surface residue. Three to 12 months before the test, the plots were moldboard plowed to a depth of 20 cm. After plowing, the plots were lightly disced and maintained weed and grass free until the tests were conducted. Immediately before the test a ridging tool was used to form the ridges in the small interrill plots. For the covered plots the ridges were flattened. The plots were SO cm wide and 75 cm long. On each site there was a total of six to eight uncovered plots and two to four flat plots covered with furnace filter or burlap. Rainfall was applied using a rotating boom rainfall simulator at a rate of about 6 cm/hr until runoff was nearly constant, usually about an hour.
The rangeland plots were prepared by clipping all vegetation at ground level and removing all clippings and surface cover (rocks, litter, etc.) with a minimum disturbance to the soil surface. The plots were 60 cm wide and 120 cm long. On each site there were two uncovered plots and two plots covered with window screen. Rainfall was applied in the same manner as the cropland studies.
Both rangeland and cropland tests were conducted at existing soil moisture level which was normally very dry. Additional rainfall and flow addition tests were performed, however, they are not described here since they were not used in this analysis. A full description of the WEPP experimental design is given by Laflen et al. (1987) and Simanton et al. (1987) .
Analysis
For each site an average (two to eight plots) accumulated infiltration and final infiltration rate for the initial one hour run was determined from the rainfall/runoff data. Plots that had a final infiltration rate greater than 90% of the rainfall rate were eliminated from the analysis because it was assumed that the rainfall rate was not sufficient to reach a steady state infiltration rate. The porosity of the soil wag determined from measured soil bulk density and the available porosity was determined as the total porosity minus the measured initial soil moisture.
From the measured data and" the Green-Ampt wetting front capillary pressure predicted by the equation developed by Rawls and Brakensiek (198S) , the effective hydraulic conductivity of the covered and uncovered plots was determined using the following form of the Green-Ampt infiltration model (Li et al., 1976) :
where K,.= effective hydraulic conductivity, f = final infiltration rate, F = accumulated infiltration, = wetting front capillary pressure head, n = available porosity (total porosity minus soil water).
Assuming that the effective hydraulic conductivity for the covered plot represents an uncrusted hydraulic conductivity while the uncovered plot represents the effete crusted hydraulic conductivity, the crust factor (Civ can be determined by dividing the uncovered effective hydraulic conductivity by the covered effective hydraulic conductivity. The crusted and uncrusted hydraulic conductivities and the soil properties are summarized in Table 2 . The uncrusted effective hydraulic conductivities for the agricultural soils are probably on the low side since a crust was formed during the run.
Results
The wetting front depth (L) for the event was calculated by dividing the accumulated infiltration by the porosity minus initial soil moisture. The crust factor was calculated from equation 6. The SC and \|/j in equation 6 were calculated from soil properties using equations 7 and 8.
The crust factors predicted in the above manner were compared to the crust factor calculated from the measured cover and uncovered hydraulic conductivities.
The comparison was performed separately on the agricultural and range plots. Using linear regression techniques, the measured crust factor was related to the predicted crust factor forcing the intercept to be zero, resulting in the following: Comparison of crust factors is shown in figure 2. Since the formulation assumes the crust to be in place during the whole run, the over prediction of the crust factor (CF) for the agricultural plots could be caused by the forming of a crust during the events which will cause more infiltration and a larger wetted depth. The greater infiltration will cause the measured crusted effective hydraulic conductivity to be smaller, thus causing the measured crust factor to be smaller than if a crust had been present during the whole run. The plot comparisons indicate a reasonable comparison and validates our procedure. We feel the agricultural and range comparisons verify the simple method for predicting the effect of crust on hydraulic conductivity. Additional research is needed to describe the crust conductivity during crust development Summary A crust factor was developed for incorporating the effect of a crust into the Green-Ampt effective hydraulic conductivity. We found that a relationship existed between the crust factor and the percent sand and the wetted depth.
Thirty-six soils covering a wide range of conditions were used to validate the crust factor. Predicted Crust Factor
